Poliovirus infection remodels intracellular membranes, creating a large number of membranous vesicles on which viral RNA replication occurs. Poliovirus-induced vesicles display hallmarks of cellular autophagosomes, including delimiting double membranes surrounding the cytosolic lumen, acquisition of the endosomal marker LAMP-1, and recruitment of the 18-kDa host protein LC3. Autophagy results in the covalent lipidation of LC3, conferring the property of membrane association to this previously microtubule-associated protein and providing a biochemical marker for the induction of autophagy. Here, we report that a similar modification of LC3 occurs both during poliovirus infection and following expression of a single viral protein, a stable precursor termed 2BC. Therefore, one of the early steps in cellular autophagy, LC3 modification, can be genetically separated from the induction of double-membraned vesicles that contain the modified LC3, which requires both viral proteins 2BC and 3A. The existence of viral inducers that promote a distinct aspect of the formation of autophagosome-like membranes both facilitates the dissection of this cellular process and supports the hypothesis that this branch of the innate immune response is directly subverted by poliovirus.
All positive-strand RNA viruses of eukaryotes replicate their genomes on cytoplasmic membranes, and infections are often accompanied by dramatic reorganization of those membranes. We and others have argued that one function of membrane localization of viral RNA replication proteins is to create twodimensional surfaces to promote the oligomerization of viral proteins (6, 31) . Yet the detailed cell biology of the targeted membranes and the mechanisms by which they are altered differ greatly from virus to virus (40, 53) .
Poliovirus infection rearranges intracellular membranes, creating membranous vesicles, 200 to 400 nm in diameter, that accumulate in the cytoplasm (9, 42, 47) . Immunoelectron microscopy revealed that the cytoplasmic surfaces of these membranous vesicles, not the interior lumen, are the sites of viral RNA replication (1, 7) . The specific morphology of these membranes has proven somewhat controversial, because they are rich in lipids (17, 33) and their apparent morphology is therefore sensitive to the fixation method used in electron microscopy (43, 46) . Using high-pressure cryopreservation methods, we have consistently observed double-membraned vesicles (42, 47) , as did Dales et al. using more conventional fixation techniques (9) . Double-membraned vesicular structures have also been associated with viral RNA replication complexes in cells infected with several other positive-strand RNA viruses, including equine arterivirus (37) , murine hepatitis virus (16) , and sudden acute respiratory syndrome-associated virus (15) . Therefore, understanding the mechanism(s) by which viral proteins induce the formation of double-membrane vesicles is of interest for understanding the formation of RNA replication complexes of several kinds of RNA viruses.
Several of the features displayed by the vesicles induced during poliovirus infection are shared with cellular autophagosomes, double-membraned organelles that become degradative upon maturation, breaking down cytoplasmic proteins and organelles entrapped within their lumen. Originally identified as a process induced by cellular starvation, autophagy is now appreciated as a cellular response to a variety of stimuli. For example, the estrogen receptor agonist tamoxifen is a potent inducer of autophagy, indicating a role for the hormonal induction of autophagy (2) (3) (4) . In Saccharomyces cerevisiae, formation and maturation of autophagosomes requires the function of many genes (reviewed in reference 52). Human homologs of several yeast autophagy genes have recently been identified, including LC3, the human homolog of ATG8, and it is likely that much of the autophagic pathway has been evolutionarily conserved (22, 50) . Many recent experiments have identified the autophagy pathway as a critical component of the innate immune response of plants and mammals (reviewed in references 10 and 30) . Therefore, we sought to discover the similarities and differences between the poliovirus-induced membranes and cellular autophagosomes and to investigate the mechanism of formation of the double-membraned vesicles induced by poliovirus and the role of the autophagy pathway during viral infection. Previous studies show that reduced function of the autophagy pathway resulted in reduced amounts of extracellular and intracellular poliovirus (20) , arguing that the autophagic pathway plays a positive role in the growth of both these positive-strand RNA viruses.
The formation and maturation of autophagosomes involve the stepwise acquisition of proteins from disparate cellular compartments (reviewed in references 28 and 39). Nascent autophagosomes form either de novo or from the endoplasmic reticulum and comprise cellular cytoplasm surrounded by two lipid bilayers that fuse from a C-shaped intermediate (14, 32, 36) . Although relatively protein poor, they have been shown to contain a modified form of the autophagy protein LC3. Originally characterized as microtubule-associated protein light chain 3, or MAP-LC-3, LC3 protein is cleaved after synthesis by cellular protease Atg4, generating an 18-kDa species termed LC3-I (see Fig. 1A ). When autophagy is activated, a series of covalent transfers links LC3 to Atg7, then to Atg3, and finally to phosphatidylethanolamine, generating a lipidated species termed LC3-II (Fig. 1A) (19, 45, 50) . This modification allows LC3 to become membrane associated, preferentially associating with the developing and newly formed autophagosomes (23, 24) .
The genomes of poliovirus and other picornaviruses consist of a single, positive-stranded RNA. A single encoded polyprotein is processed by viral proteases to produce individual capsid proteins, the viral RNA-dependent RNA polymerase 3D, and several other multifunctional nonstructural proteins. Of the nonstructural proteins, three (2B, 2C, and 3A) associate with membranes when expressed in isolation; mutations in any of these three proteins lead to defects in RNA replication. The expression of stable protein precursor 2BC and protein 3A, in combination but not separately, was found to induce the formation of double-membraned vesicles that display biochemical markers and fractionate similarly to the vesicles induced during poliovirus infection (20, 47) . Thus, should these membranes prove to derive directly from the autophagy pathway, these viral proteins will be among the few molecularly characterized inducers of this process.
We showed previously that, during poliovirus infection, a green fluorescent protein (GFP)-fused version of one of the three cellular LC3 proteins, LC3b, becomes associated with cellular membranes that also contain viral RNA replication proteins (20) . Here, we investigated the possibility that the targeting of LC3 to membranes results from its covalent modification, as occurs during autophagy. Further, we tested the possibility that expression of an individual viral protein is sufficient to accomplish this modification.
MATERIALS AND METHODS

Cells and viruses.
Human HeLa and monkey kidney COS-7 cells were cultured as monolayers in Dulbecco's modified Eagle's medium supplemented with 10% (vol/vol) calf serum, 100 units of penicillin/ml, and 100 units of streptomycin/ml at 37°C and 5% CO 2 . Human 293T cells were cultured in a similar fashion using 10% (vol/vol) fetal bovine serum. Poliovirus type 1 Mahoney was propagated from an infectious cDNA plasmid as previously described (25, 38) .
Plasmids and transfection. Mutagenesis of a plasmid that encodes GFP-LC3 (20) to create the G120A, G120Stop, and K122A constructs was performed by PCR using primers containing the mutation of interest close to the 3Ј EcoRI restriction site used to clone the LC3 gene. Each amplified DNA segment was sequenced in its entirety to ensure that no adventitious mutations were introduced. Plasmids used for expression of polioviral proteins were previously described (12) .
Antibodies. Anti-vesicular stomatitis virus G protein (VSV-G) antibody was purchased from RDI (Concord, MA). Anticalnexin antibody was purchased from Stressgen Bioreagents Corp. (Victoria, B.C., Canada). Mouse monoclonal antibodies directed to human LAMP-1 (H4A3) were purchased from the Developmental Studies Hybridoma Bank (University of Iowa). Anti-2C and anti-2B mouse monoclonal antibodies were the kind gift of K. Bienz (University of Basel). Anti-3A mouse monoclonal antibody was previously described (13) . Polyclonal rabbit serum against human LC3 protein was raised against purified LC3b, expressed in Escherichia coli as a glutathione S-transferase (GST) fusion protein.
The GST-LC3 clone was constructed by excising the LC3b cDNA from the GFP-LC3 construct with EcoRI followed by in-frame ligation into the pGEX-6P-2 vector (Amersham Biosciences, Piscataway, NJ). GST-LC3 protein was purified from bacterial extracts on glutathione Sepharose 4B columns. LC3 protein was released through proteolytic digestion with the PreScission protease (Amersham). Two commercial preparations of antibody (Invitrogen, Carlsbad, CA) were affinity purified (21) , depleted of anti-GST antibodies using a GSTSepharose column, and stored at 4°C.
Protein extraction and immunoblotting. Cells were seeded at 1 ϫ 10 6 per 10-cm dish for infection the next day. For transfection, cells were seeded out at 2 ϫ 10 5 cells per 10-cm dish, followed by transfection with 2 g of plasmid DNA using Effectene reagent (QIAGEN, Valencia, CA) and incubation for 48 h at 37°C. Cells were harvested with phosphate-buffered saline (PBS) containing 5 mM EDTA (pH 8.0) and collected by centrifugation at 300 ϫ g for 5 min. Cell pellets were washed in the same buffer, pelleted in an Eppendorf microcentrifuge at 6,000 ϫ g, resuspended in RSB-NP-40 (10 mM Tris-HCl [pH 7.5], 10 mM NaCl, 1.5 mM MgCl 2 , 1% NP-40) supplemented with Mini-complete EDTA-free protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN), and incubated on ice for 15 min. Nuclei and insoluble debris were pelleted by centrifugation at 6,000 ϫ g for 5 min. Cell extracts were then stored at Ϫ20°C or subjected immediately to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). For saponin extraction, cell pellets were resuspended in a solution containing 0.5% saponin, 80 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid), pH 6.8], 1 mM CaCl 2 , and 5 mM EGTA as described elsewhere (29) and collected by centrifugation prior to the addition of the RSB-NP-40 solution. Cell extracts were mixed with 6ϫ Laemmli loading buffer and heated to 95°C for 5 min prior to electrophoresis at 120 V for 1 to 2 h on either 10% or 13.5% SDS-polyacrylamide gels. For immunoblotting, proteins were transferred to Immobilon polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) for 75 min at 20 V in a Miniprotean III transfer tank (Bio-Rad, Hercules, CA). Membranes were then air dried before rewetting with 70% methanol followed by blocking with PBS supplemented with 0.1% (vol/vol) Tween-20 and 2% (wt/vol) bovine serum albumin. All primary antibody incubations were done in blocking solution for a minimum of 1 h at room temperature followed by washing with PBS-Tween (PBS supplemented with 0.1% Tween). Alkaline phosphatase-conjugated secondary antibodies were diluted 1:10,000 in PBS-Tween, incubated with the blot for a minimum of 1 h at room temperature, washed with PBS-Tween, and developed with the ECF reagent (Amersham). Exposures to ECF reagent and detection with a Storm phosphorimager were maintained in a linear range to facilitate quantitation.
Immunoprecipitation. Transfected COS-7 cells were harvested and subjected to homogenization as previously described (47) . Briefly, cells were resuspended in a solution containing 250 mM sucrose and 5 mM MOPS (morpholinepropanesulfonic acid) and then syringe filter homogenized with three passes through three 14-m filters. Homogenates were spun at 6,000 ϫ g for 5 min to pellet nuclei, large membranes, and cell bodies. The postnuclear supernatant was then mixed with anti-2B antibody and rotated for 4 h at 4°C, and NP-40 was added to a final concentration of 1% vol/vol as shown in Fig. 7 . Sheep anti-mouse immunoglobulin G magnetic beads (Dynabeads M-280; Invitrogen, Carlsbad, CA) were equilibrated in homogenization buffer with or without 1% NP-40. To each immunoprecipitation, 1.4 ϫ 10 8 equilibrated beads were added. Samples were rotated overnight at 4°C. Unbound material was separated on a magnetic separation stand. Magnetic beads were washed three times in homogenization buffer with or without 1% NP-40. Beads were resuspended in a small volume of 2ϫ Laemmli sample buffer before boiling. Magnetic beads were separated from sample buffer prior to electrophoresis in polyacrylamide gels.
RESULTS
Modification of endogenous LC3 and GFP-LC3 expressed by transfection during poliovirus infection.
To determine whether one of the early hallmarks of cellular autophagy, the conversion of cellular protein LC3 to LC3-II (Fig. 1A) , occurs during poliovirus infection, we monitored the electrophoretic mobility of endogenous cellular LC3. Immunoblotting with an anti-LC3 polyclonal antibody (see Materials and Methods) revealed two reactive species of LC3, as can be seen in Fig. 1B : an upper, 18-kDa band corresponding to unmodified LC3-I and a lower band corresponding to previously described species LC3-II. While an increase in mobility for a species to which a phosphatidylethanolamine moiety has been added may seem counterintuitive, its identity has been well documented (23) ; it is likely that the increased mobility results from increased SDS binding during denaturing gel electrophoresis. The intensity of the LC3-II band increased relative to a control protein, calnexin, after treatment of the cells with tamoxifen to induce autophagy but not after control treatments (Fig. 1B) . During a time course of poliovirus infection, a large increase in the amount of endogenous LC3-II could be readily detected by 4 and 6 h after infection. The comigration of this species with bona fide LC3-II in cells that had been treated with tamoxifen made it likely that this species was authentic LC3-II.
To investigate the mechanism of LC3 modification during poliovirus infection and its similarity to the formation of LC3-II during autophagy, we utilized a GFP-LC3 fusion protein expressed by transient transfection (22, 29) . The immunoblot in Fig. 1C displays the electrophoretic mobility of GFP-LC3 protein during a time course of poliovirus infection. In the untreated sample, very little GFP-LC3-II was observed. However, tamoxifen treatment caused a readily detectable increase in signal for the GFP-LC3-II band. Infection with poliovirus also caused a large increase in the intensity of a band of identical mobility. Therefore, for both endogenous LC3 and GFP-LC3 expressed by transfection, a clear increase in a species with an altered electrophoretic mobility identical to that of the lipidated LC3-II species observed during bona fide autophagy was observed during poliovirus infection. For both tamoxifen treatment and poliovirus infection, the amounts of GFP-LC3-II clearly increase. However, the ratios of the modified to unmodified species are lower than those observed for the endogenous LC3 protein, and a decrease in the GFP-LC3-I band is not observed. This presumably results from the overexpression of GFP-LC3 and the resulting saturation of some aspect of the lipidation machinery.
Quantitation of these data ( Fig. 1C and E) reveals that the apparent increase of the endogenous LC3-II species was larger than any concomitant decrease in the LC3-I signal. If the immunoblotting signals reflected the relative amounts of protein faithfully, this would argue for a net synthesis or stabilization of LC3, present as the LC3-II species, during poliovirus infection. However, it has been reported by others (23) and observed by us that anti-LC3 antibodies can display different affinities for LC3-I and LC3-II species. In support of this possibility, when the modification of GFP-LC3 protein was monitored by immunoblotting with an anti-LC3 antibody (Fig. 2C ) and the same blot was probed with an anti-GFP antibody (Fig.  2E) , it was clear that the apparent percentages of modification were different for the two probes. Therefore, we cannot con- clude that the apparent net increase in LC3-containing species reflects a net synthesis or stabilization, because the LC3-II species are much more reactive with the antibody. However, we can conclude that the amounts of LC3-II and GFP-LC3-II species increase dramatically during infection with poliovirus, as they do during the induction of cellular autophagy. Modification of GFP-LC3 during autophagy and poliovirus infection shows similar dependence on LC3 sequence. To investigate whether poliovirus-induced modification of LC3 utilizes the same amino acids as autophagy-induced LC3 lipidation, residues of the LC3 protein known to be crucial for lipidation were mutagenized (Fig. 2A) . Specifically, LC3 is cleaved C-terminally to Gly120, after which a series of covalent transfers occurs (Fig. 1A) that ultimately lead to the covalent linkage of phosphatidylethanolamine to the carboxyl group of Gly120 (21, 23, 51) . As can be seen in Fig. 2B , mutation of this crucial Gly to either an Ala residue (G120A) or to a stop codon (G120Stop) prevented the modification of LC3 observed following treatment with tamoxifen, whereas mutation of residue Lys122, known to be dispensable for LC3 modification during autophagy (51) , to Ala (K122A) had no effect. Similarly, the G120A and G120Stop mutations abrogated the poliovirus-induced modification of GFP-LC3, whereas the K122A mutation did not (Fig. 2C and D) . These data and the identical electrophoretic mobilities of the modified LC3 species following tamoxifen treatment and poliovirus infection are consistent with the hypothesis that the poliovirus-induced modification is the addition of phosphatidylethanolamine, as occurs during cellular autophagy.
Localization of wild-type and mutant GFP-LC3 during poliovirus infection. During autophagy, the lipidation of LC3 is necessary and sufficient for its relocalization from cytosolic and microtubule-associated forms to autophagic membranes. To test whether LC3 modification correlated with its relocalization to membranous structures during poliovirus infection as well, we monitored the subcellular localization of the four GFP-LC3 proteins for which data are shown in Fig. 2 in the presence and absence of infection. As shown in Fig. 3 , uninfected cells that expressed wild-type GFP-LC3 or any of the mutant GFP-LC3 proteins exhibited diffuse GFP signals that did not colocalize with the punctate staining of the late endosomal marker LAMP-1. Following poliovirus infection, however, wild-type GFP-LC3 was found to colocalize with LAMP-1, as has been shown previously (20) . The modifiable mutant protein GFP-LC3 K122A showed a similar pattern of punctate colocalization with LAMP-1 upon poliovirus infection. In contrast, the nonmodifiable GFP-LC3 proteins G120A and G120Stop maintained a diffuse GFP signal upon poliovirus infection, similar to that observed in uninfected cells. Therefore, there was an excellent correlation between the modification of GFP-LC3-I to GFP-LC3-II (Fig. 2) and the localization of all detectable GFP-LC3 to membranous structures during poliovirus infection.
The induction of LC3-II formation during poliovirus infection, and its similarity to the process of cellular autophagy, suggests two distinct hypotheses: either poliovirus subverts the autophagic machinery to synthesize subcellular membranes on which to assemble RNA replication complexes, as we have previously suggested (20, 42, 47) , or bona fide autophagy is induced by viral infection as part of the innate immune re- sponse. We showed previously that viral proteins 2BC and 3A, when expressed together, induce double-membraned vesicles to which both GFP-LC3 and LAMP-1 colocalize (20) . Therefore, we tested the ability of individual viral proteins to induce LC3 modification.
Optimizing detection of LC3-II to extend analysis to additional cell types. We have demonstrated detectable expression of poliovirus proteins 2B, 2C, 2BC, and 3A after transient transfection only in COS-7 monkey kidney cells (12) . Unfortunately, cell lines differ in their abundance of endogenous LC3 and in the extent of its modification during autophagy (49) . To test the effect of individual poliovirus proteins on LC3 modification, we needed to establish a detection system in COS-7 cells. As shown in Fig. 1 , when total cytoplasmic extracts of uninfected and infected human 293T cells that had been transfected with a GFP-LC3 expression plasmid were displayed by SDS-PAGE and detected using an anti-LC3 antibody, an increase in GFP-LC3-II upon poliovirus infection was readily detected (Fig. 4, compare lanes 1 and 5) . However, such a difference was difficult to detect in uninfected and infected COS-7 cells that had been transfected with the same GFP-LC3 expression plasmid (Fig. 4, compare lanes 9 and 13) . To enhance the detection of any GFP-LC3-II signal that might be present in infected COS-7 cells, we endeavored to reduce the background from unmodified GFP-LC3-I. To this end, the cell pellets were extracted with the detergent saponin, which has been reported to remove unlipidated LC3 species selectively (29) . Extraction of 293T cell pellets with increasing amounts of saponin showed, as reported, that LC3-I was selectively extracted from both the uninfected and infected samples, which improved the detection of the GFP-LC3-II that accumulated during poliovirus infection by reducing the background of GFP-LC3-I. The optimal concentration of saponin for this extraction was determined to be 0.5% (Fig. 4, compare  lanes 2 and 6) . Importantly, the saponin extraction procedure did not change the recovery of calnexin, a resident endoplasmic reticulum protein, arguing that little membrane disruption occurred during this procedure. Extraction of uninfected and infected COS-7 cells with saponin removed enough GFP-LC3-I that an increased GFP-LC3-II signal could readily be observed in the infected samples (Fig. 4, compare lanes 10 and  14) . Therefore, this technique was employed to assess the contribution of individual poliovirus proteins to GFP-LC3 modification in COS-7 cells.
Effect of individual poliovirus proteins on LC3 modification. To determine whether any of the individual poliovirus proteins (2B, 2C, 2BC, or 3A) known to affect the structure and function of intracellular membranes (7, 11, 12, 20, 47 ) was necessary or sufficient to induce the modification of LC3, we expressed these proteins singly and in combination in COS-7 jvi.asm.org cells as described previously (12) . Each individual protein was expressed as a dicistronic mRNA, with the poliovirus protein encoded by the first cistron and the glycoprotein from VSV-G encoded by the second cistron, downstream from the poliovirus internal ribosome entry site. In all the experiments whose results are shown in Fig. 5 , the COS-7 cells were transfected with equal amounts of plasmid DNA. In the lanes that show no expression of a poliovirus protein, the transfected DNA was the vector that expressed VSV-G only under the control of the simian virus 40 promoter and the poliovirus internal ribosome entry site. This method was used to ensure that the expression of VSV-G could be used to monitor the relative transfection and transcription efficiencies of the individual poliovirus protein-expressing constructs. Cells were harvested and subjected to saponin extraction before subsequent preparation of cytoplasmic extracts and display of proteins by SDS-PAGE. These gels were then immunoblotted to determine whether the viral protein of interest was expressed in increasing amounts as expected and to determine the amount of VSV-G synthesized (Fig. 5) . VSV-G was used as an internal control in this experiment for several reasons. First, as VSV-G is an integral membrane protein, its relatively constant amount served as a way to monitor the gentleness of the saponin extraction conditions. Second, because viral proteins can be toxic, monitoring the amount of VSV-G coexpressed in the same cells served to control for selectively reduced vitality of the transfected cells. For each lane, the amount of GFP-LC3-I and GFP-LC3-II was quantified, normalized to the amount of VSV-G observed, and graphed as a function of the amount of viral proteinexpressing plasmid introduced. As can be seen in Fig. 5 , the expression of viral protein 2BC caused an increase in the amount of saponin-resistant GFP-LC3-II relative to the amount of VSV-G observed. This approximately 10-fold increase in the amount of GFP-LC3-II was matched by a concomitant increase in saponin-resistant GFP-LC3-I, suggesting that membrane-associated viral protein 2BC increases both the recruitment of unmodified GFP-LC3-I to membranes and its subsequent modification. None of the other expressed proteins, 2B, 2C, or 3A, caused an increase in the amount of saponin-resistant GFP-LC3-II relative to the calnexin control. However, both 2B and 2C caused small increases in the amount of saponin-resistant GFP-LC3-I.
Modification of LC3 by poliovirus protein 2BC can be observed in whole cell extracts as well as following saponin extraction. To ensure that the modification of GFP-LC3 by 2BC expression observed in Fig. 5 was not an artifact of saponin extraction, we compared the formation of GFP-LC3-II during poliovirus infection and upon 2BC expression with and without FIG. 4 . Saponin extraction can be used to extract unmodified LC3 species. Human 293T and monkey COS-7 cells were mock infected or infected with poliovirus (50 PFU/cell) for 6 h. Cells were harvested, collected by centrifugation, and subjected to saponin extraction with 0, 0.5, 1, and 2% saponin-containing buffer, as described in Materials and Methods. Proteins were displayed by electrophoresis in 10% acrylamide-SDS gels and visualized by blotting with anti-LC3 or anticalnexin antibodies. The relative amounts of GFP-LC3-I and GFP-LC3-II proteins remaining after saponin extraction were quantified by normalizing the signal in the anti-LC3 immunoblot with the amount of calnexin visualized in the anticalnexin immunoblot.
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saponin extraction of the cell lysates. As shown in Fig. 6 , saponin extraction of the cell lysates was necessary to visualize the increase in GFP-LC3-II formation during poliovirus infection of COS-7 cells. However, 2BC expression in isolation was sufficiently effective at inducing GFP-LC3-II formation that an increase in GFP-LC3-II could be observed with or without saponin extraction to reduce background. Therefore, we conclude that 2BC expression alone is sufficient to induce one of FIG. 5 . Effect of expression of individual viral proteins on the accumulation of saponin-resistant GFP-LC3-I and GFP-LC3-II proteins. COS-7 cells were transfected with identical total amounts of DNA plasmids, in mixtures that contained GFP-LC3-expressing plasmids and increasing amounts of DNA that expressed 2BC (A), 2B (B), 2C (C), or 3A (D). The balance of the DNA samples comprised the VSV-G-expressing vector into which the poliovirus sequences were cloned. Cells were incubated for 48 h, collected by centrifugation, and subjected to extraction with 0.5% saponin. Saponin-resistant proteins were displayed by electrophoresis in 10% polyacrylamide gels, except as indicated, and probed with three different antibodies for each panel: anti-LC3, to detect GFP-LC3-I and GFP-LC3-II; anti-VSV-G, to normalize for transfection efficiency and toxicity; and anti-2B, anti-2C, or anti-3A, to monitor the expression of the viral protein of interest. (A) Effect of increasing amounts of poliovirus 2BC protein expression. (B) Effect of 2B protein expression. The gel used to resolve the 2B protein was 13.5% acrylamide. (C) Effect of 2C protein expression. (D) Effect of 3A protein expression, compared to the amount of GFP-LC3-I and GFP-LC3-II that was saponin resistant following poliovirus infection as for Fig. 1 . The lower portion of each panel shows the amount of saponin-resistant GFP-LC3-I and GFP-LC3-II detected divided by the amount of VSV-G observed and normalized to the control transfection in which no poliovirus protein was expressed. Some toxicity was observed for the greatest amounts of DNA transfected.
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the first steps of cellular autophagy and, perhaps, of membrane vesicle formation during poliovirus infection, the modification of the cellular protein LC3. 2BC expression recruits GFP-LC3-II to cellular membranes. To determine whether 2BC expression was sufficient to relocalize GFP-LC3 to cellular membranes, as was observed during poliovirus infection (Fig. 3) , we performed immunoprecipitation experiments using anti-2B antibodies, the kind gift of K. Bienz (University of Basel). As can be seen in Fig. 7A , the presence of the anti-2B antibody in immunoprecipitates from cells transfected with 2BC-expressing plasmid led to the recovery of expressed 2BC. In the absence of detergent, GFP-LC3-II was also selectively precipitated by the anti-2B antibody, arguing that this modified protein, and not the unmodified GFP-LC3-I species, was present on the same membranes as 2BC. This result was also observed when the anti-2B antibody was used in all samples and the control cells were transfected with a vector that did not express 2BC but still expressed VSV-G (Fig. 7B) . In the absence of the detergent NP-40, the immunoprecipitate from 2BC-expressing cells contained GFP-LC3-II, the modified species, but not unmodified GFP-LC3-I.
To search for a direct interaction between 2BC and GFP-LC3-I, GFP-LC3-II, or both that might provide a clue as to the mechanism by which this viral protein accomplishes this modification, identical immunoprecipitations were performed in the presence of NP-40. While these conditions did not impair the recovery of the expressed 2BC, no GFP-LC3 species were recovered under these conditions (Fig. 7) or any others tested (data not shown). Although these negative results do not preclude the existence of an unstable interaction between 2BC and LC3, it is likely that 2BC protein, and poliovirus infection, accomplishes LC3 modification by less direct means.
DISCUSSION
During poliovirus infection, GFP-LC3 localizes to membranous compartments within the infected cell. Here, we have shown that, as in the process of cellular autophagy, this relocalization correlates with a covalent modification of both endogenous LC3 and GFP-LC3 expressed by transfection. Modification of GFP-LC3 during poliovirus infection was found to require a Gly residue at position 120, the same residue that is essential for autophagy-mediated conjugation of phosphatidylethanolamine to LC3. Further, this modification correlated with the poliovirus-induced relocalization of GFP-LC3 to a LAMP-1-containing structure, arguing that in poliovirus infection, as in autophagy, LC3 modification is essential for membrane localization. This modification of GFP-LC3 observed during poliovirus infection rendered the protein more resistant to extraction from cellular constituents with the mild detergent saponin, as has been observed previously during autophagy (27) . This observation both facilitated our experiments and supported the hypothesis that LC3 modification during autophagy and that during poliovirus infection occur by a similar biochemical mechanism. We suggested previously that the similarities between poliovirus-induced membranes and cellular autophagosomes suggest that poliovirus infection subverts the cellular autophagy pathway to create the membranous vesicles on which RNA replication complexes are assembled (20, 42, 47) . This hypothesis was supported by the finding that RNA interference-induced reduction in the expression of either cellular protein LC3 or Atg12, also required for cellular autophagy, reduced viral yield. As reported in the current work, the specific modification of autophagy protein LC3 by an individual poliovirus protein, 2BC, both strengthens this hypothesis and provides insight into the mechanism by which poliovirus might subvert this cellular process. Specifically, viral protein 2BC is sufficient to retain GFP-LC3-II to membranes on which the viral protein is resident, although no evidence for direct interaction between 2BC and LC3-II was obtained from coimmunoprecipitation experiments (Fig. 7) . However, the increased resistance of both GFP-LC3-I and GFP-LC3-II to saponin extraction ( The double-membraned vesicles formed during poliovirus infection resemble those induced during autophagy in their morphology, their sedimentation behavior, and their colocalization of GFP-LC3 and LAMP-1 (20, 47) . The poliovirusinduced membranes can be specifically induced by the coexpression of two viral proteins, 2BC and 3A. 2BC and 3A have been shown to interact in two-hybrid assays (8) , making their joint participation in a cell biological pathway plausible. Here, however, we show that poliovirus protein 2BC is sufficient to induce LC3 modification (Fig. 5) . Coexpression of 3A did not increase the amount of the modification (data not shown). This is, to our knowledge, the first time the mechanistic steps of LC3 modification and double-membrane formation have been decoupled. Therefore, the poliovirus genome has provided not only molecular inducers of double-membraned vesicle formation but also potentially the ability to separate it into two distinct steps: LC3 modification and the wrapping of cytosol required to yield double-membraned vesicles. None of the other known molecular inducers of LC3 modification has been shown to separate these events (Table 1) .
If the structures induced by 2BC expression represent temporal or mechanistic intermediates in double-membraned vesicle formation, it is of interest to examine the properties of those structures more closely. It has been shown that 2BC expression leads to the accumulation of large single-membraned vesicles (7, 47) with buoyant densities similar to those of the vesicles induced during poliovirus infection (47) . Therefore, 2BC's ability to induce the modification of LC3 leads to two possibilities about the nature of these single-membraned structures. First, they could be the remnants of autophagosomes whose inner contents were fully degraded. Then, 3A would be postulated to retard the maturation of double-membraned structures to single-membraned vesicles. The second possibility is that, when 2BC is expressed in isolation, LC3 is covalently modified and localized to intracellular membranes, but 3A is required to facilitate the completion of a doublemembraned vesicle. Further investigation of the ultrastructure and biochemistry of the double-membraned vesicles formed during autophagy and by the expression of individual viral proteins may reveal additional steps to the lipid sequestration, cytosolic wrapping, and maturation of these unique intracellular compartments.
A second hypothesis for the presence of autophagosomelike membranes in poliovirus-infected cells is that these membranes are induced as a component of the innate immune response. Autophagy is increasingly appreciated as a functional pathway in the innate immune response to several viruses, intracellular bacteria, and parasites (reviewed in references 27, 30, and 48). For example, when the autophagy pathway is blocked by genomic knockouts of ATG5, a threefold increase in the growth of group A streptococcus was observed (34) . If the induction of double-membraned vesicles during poliovirus infection is part of the cellular innate immune response, it is clearly not effective. Instead, it is possible that one of the reasons that poliovirus induces the membranes on which it replicates its RNA genome from the autophagy pathway is to thwart this newly appreciated component of the (20, 26) , could provide a benefit to virus spread within infected organisms.
